(Dated: April 27, 2009) The X(3872) with quantum numbers J P C = 1 ++ is considered as a composite hadronic state comprised of the dominant molecular D 0 D * 0 component and other hadronic pairs -D ± D * ∓ , J/ψω and J/ψρ. Applying the compositeness condition we constrain the couplings of the X(3872) to its constituents. We calculate two-and three-body hadronic decays of the X(3872) to charmonium states χcJ and pions using a phenomenological Lagrangian approach. Next using the estimated XJ/ψω and XJ/ψρ couplings we calculate the widths of X(3872) → J/ψ + h transitions, where h = π + π − , π + π − π 0 , π 0 γ and γ. The obtained results for the decay pattern of the X(3872) in a molecular interpretation could be useful for running and planned experiments.
I. INTRODUCTION
The X(3872) is one of the new meson resonances discovered during the last years [1] , whose properties cannot be simply explained and understood in conventional quark models. Several structure interpretations for the X(3872) have been proposed in the literature (for a status report see e.g. Refs. [2, 3, 4] ). In the context of molecular approaches [5] - [31] the X(3872) can be identified with a weakly bound hadronic molecule whose constituents are D and D * mesons. The reason for this natural interpretation is that its mass m X is very close to the D 0D * 0 threshold and hence is in analogy to the deuteron -a weakly bound state of proton and neutron. Note, that the idea to treat the hidden charm states as hadronic molecules traces back to Refs. [5, 6] . Originally it was proposed that the state X(3872) is a superposition of D 0D * 0 andD 0 D * 0 pairs. Later (see e.g. discussion in Refs. [14, 16, 18] ) also other structures, such as a charmonium or even other meson pair configurations, were discussed in addition to the D 0D * 0 + charge conjugate (c.c.) component (here and throughout the paper we use the convention thatD * 0 does not change sign under charge conjugation. See detailed discussion in Ref. [30] ). The possibility of two nearly degenerated X(3872) states with positive and negative charge parity has been discussed in Refs. [25, 32] . This paper focuses on the hadronic X → χ cJ + (π 0 , 2π), X → J/ψ + (2π, 3π) and radiative X → J/ψ + (π 0 γ, γ) decays. The X(3872) with quantum numbers J P C = 1 ++ is considered as a composite hadronic state including a dominant molecular D 0 D * 0 component and other hadronic pairs -D ± D * ∓ , J/ψω and J/ψρ. This idea was originally proposed in [14] . Applying the compositeness condition we constrain the couplings of X(3872) to its constituents. We calculate two-and three-body hadronic decays of the X(3872) to charmonium states χ cJ and pions using a phenomenological Lagrangian approach. Next, using the estimated XJ/ψω and XJ/ψρ couplings we calculate the widths of X → J/ψ + h transitions, where h = π + π − , π + π − π 0 , π 0 γ and γ. Present experimental numbers for the ratios of observed decay modes of X(3872) by the Belle [33] and BABAR [34] Collaborations are
and
The theoretical analysis of hadronic and radiative decays of X(3872) has been carried out using a charmonium interpretation [13, 15] , different molecular approaches [11, 15, 18, 29, 31] with possible inclusion of charmonium and other hadronic components in the X wave function, QCD sum rules in [35] , multipole expansion in QCD and chiral properties of soft pions [36] . In particular, pionic transitions from X(3872) to the charmonium states χ cJ have been considered using a pure charmonium and four-quark [36] structure for the X(3872) and later on in the molecular interpretation [31] . A conclusion was that the decay rates significantly depend on the structure interpretation of the X(3872). It was also proposed that the X(3872) to J/ψ transitions are dominated by short-distance effects and in the mechanism of these transitions the J/ψω and J/ψρ components of X probably play the essential role [17, 18] . In Refs. [29, 37, 38] we developed the formalism for the study of recently observed exotic meson states (like D * s0 (2317), D s1 (2460), X(3872), · · · ) as hadronic molecules. In Ref. [29] we extended our formalism to the decay X → J/ψγ assuming that the X is the S-wave, positive charge parity (D 0D * 0 + D * 0D0 )/ √ 2 molecule. As for the case of the D * s0 and D s1 states, a composite (molecular) structure of the X(3872) meson is defined by the compositeness condition Z = 0 [39, 40, 41] (see also Refs. [29, 37, 38] ). This condition implies that the renormalization constant of the hadron wave function is set equal to zero or that the hadron exists as a bound state of its constituents. The compositeness condition was originally applied to the study of the deuteron as a bound state of proton and neutron [39] . Then it was extensively used in low-energy hadron phenomenology as the master equation for the treatment of mesons and baryons as bound states of light and heavy constituent quarks (see e.g. Refs. [40, 41] ). By constructing a phenomenological Lagrangian including the couplings of the bound state to its constituents and the constituents with other particles we calculated one-loop meson diagrams describing different decays of the molecular states (see details in [29, 37, 38] ). In Ref. [29] we estimated the role of a possible charmonium component in the X(3872). We showed that the charmonium contribution to the X → J/ψγ decay width is suppressed in comparison with the molecular D 0 D * 0 component. As already stressed before, here we consider the X(3872) as a superposition of the molecular D 0 D * 0 component and other hadronic pairs -D ± D * ∓ , J/ψω and J/ψρ. Because of the dominance of the D 0 D * 0 component in the transitions of X into charmonium states χ cJ and pions we estimate these decays using only that component. In the analysis of the decay widths with J/ψ in the final state we will use the effective couplings XJ/ψω and XJ/ψρ deduced from the compositeness condition.
In the present paper we proceed as follows. In Sec. II we first discuss the basic notions of our approach. We discuss the effective mesonic Lagrangian for the treatment of the X(3872) meson as a superposition of the D 0D * 0 + D * 0D0 molecular component with the additional D + D * − + D − D * + and J/ψω and J/ψρ hadronic pairs. Second, we consider the two-body hadronic decays X(3872) → χ cJ + π 0 (2π 0 ). Third, we discuss decays with J/ψ in the final state. In Sec. III we present our numerical results and perform a comparison with other theoretical approaches. Finally, in Sec. IV we present a short summary of our results.
II. APPROACH
A. Structure of the X(3872) meson
In this section we discuss the formalism for the study of the X(3872) meson. We adopt the convention that the spin and parity quantum numbers of the X(3872) are J P C = 1 ++ . Its mass we express in terms of the binding energy
where 
where Z H1H2 is the probability to find the X in the hadronic state H 1 H 2 with the normalization
For convenience, here and in the following we denote J/ψ by J ψ . The probabilities Z H1H2 have been estimated in [14] as function of the binding energy ǫ. Our approach is based on an effective interaction Lagrangian describing the couplings of the X(3872) to its meson constituents. We apply two forms of such Lagrangians -a local Lagrangian and a nonlocal form containing the correlation functions Φ(y 2 ) characterizing the distribution of the constituents in the X(3872)). The simplest local Lagrangian reads
where g XH 1 H 2 is the coupling of X(3872) to the constituents H 1 and H 2 ; X is the field describing X(3872); J Γ H1H2 is the current composed of the hadronic fields H 1 and H 2 :
where V = ρ, ω. The nonlocal version of the Lagrangian is obtained from the local one by introducing the correlation function into the hadronic current J Γ H1H2 as
Here Φ DD * is the correlation function describing the distribution of DD * inside X. The function Φ V describes the distribution of the light vector meson V = ρ or ω around the J ψ , which is located at the center of mass of the X(3872). Since m V ≪ m J ψ this description is like in heavy-light mesons where the heavy quark Q is surrounded by a light quark q in the heavy quark limit of m q ≪ m Q ). A basic requirement for the choice of an explicit form of the correlation function Φ is that its Fourier transform vanishes sufficiently fast in the ultraviolet region of Euclidean space to render the Feynman diagrams ultraviolet finite. We adopt an identical Gaussian form for both correlation functions Φ DD * = Φ V ≡ Φ X in order to reduce the number of free parameters. The Fourier transform of the universal vertex function Φ X is given byΦ
where p E is the Euclidean Jacobi momentum. Here, Λ X is a size parameter. In Ref. [29] the parameter was varied in the region 2 -3 GeV, a typical scales for D and D * mesons -constituents of X(3872). In the present paper we fix the value to Λ X = 2 GeV which is close to the masses of D and D * mesons. One should remark, up to now we have no strong and direct justification for the value of the Λ X . The final conclusion about its magnitude can done when we have more precise data on X(3872). Note, the local limit corresponds to the substitution of Φ X by the Dirac delta-function: Φ X (y 2 ) → δ 4 (y). The coupling constants g H 1 H 2 are determined by the compositeness condition [37, 39, 40, 41] . It implies that the renormalization constant of the hadron wave function is set equal to zero with
Here, Σ
is the derivative of the transverse part of the mass operator Σ µν X , conventionally split into the transverse Σ X and longitudinal Σ L X parts as:
where
The mass operator of the X(3872) receives contribution from four hadron-loop diagrams
induced by the interaction of X with the corresponding hadronic pairs H 1 H 2 given in Eqs. (5) and (6) . A typical diagram contributing to Σ µν X (p) is shown in Fig.1 . Using Eq. (4) and the compositeness condition (10) we get four independent equations to determine the coupling constants g XH 1 H 2 :
In order to evaluate the couplings g XH 1 H 2 we use the standard free propagators for the intermediate particles H 1 and H 2 :
for pseudoscalar fields P and
for vector fields V . Following Eqs. (10) and (13) in the nonlocal case the coupling constants g XH 1 H 2 are given by
The expression for g XD ± D * ∓ is obtained from (16) by the corresponding replacement of masses and probability parameter Z H1H2 .
In the local case we neglect the longitudinal part k µ k ν /m 
in powers of ǫ H1H2 . The leading-order O( √ ǫ H1H2 ) result of
is in agreement with the ones derived in Refs. [38, 39, 42 ] also based on the compositeness condition Z X = 0. Here we have the factor C H 1 H 2 = 1 for
We point out that for the three couplings g XD ± D * ∓ , g XJ ψ ω and g XJ ψ ρ there is no big difference between the nonlocal and local case. The reason is that the local couplings scale as ǫ
H1H2 . Therefore, a sizable deviation of the local coupling from the nonlocal one will only be relevant for values of ǫ H1H2 < 1 MeV. For the nonlocal couplings the dependence on ǫ H1H2 is less pronounced. To illustrate this effect, in Table 1 
The diagrams of Fig.2 are generated by a phenomenological Lagrangian which contains two main parts: i) the first part is the Lagrangian derived in our approach describing the coupling of X(3872) to its constituents; ii) the second part is the set of interaction Lagrangians describing the possible couplings of D(D * ) mesons to pions and charmonia states. This second part can be taken from heavy hadron chiral perturbation theory (HHChPT) [43, 44, 45] (for convenience we use a relativistic normalization of the meson states and write the Lagrangians in manifestly Lorentz covariant form):
Hereπ = π τ is a 2 × 2 matrix containing the pion fields; D and D * are the doublets of charm pseudoscalar and vector D mesons; χ cJ are the fields describing the charmonium states; i, j are the isospin indices. The hadronic coupling constants are expressed in terms of the universal HHChPT couplings g, g 1 and the hadronic masses as [43, 44, 45] 
where F π = 92.4 MeV is the leptonic decay constant. The coupling g = 0.59 (central value) is fixed from the data on the D * 0 → D 0 π branching ratio [1] . The coupling g 1 is related to the constant f χc0 parametrizing the matrix element 0|cc|χ c0 (p) = f χc0 m χc0 [45] as
Using the estimate for f χc0 = 510 MeV from QCD sum rules [46] we obtain for the coupling g 1 = −2.09 GeV −1/2 . Evaluation of the diagrams in Fig.2 allows to write down an effective Lagrangian corresponding to the X(3872) → χ cJ π 0 transitions with
In terms of the effective couplings g XχcJ π the decay widths of the X(3872) → χ cJ π 0 transitions are determined according to the expression:
where c J = 1 for J = 0 2 for J = 1 and 5/3(1 + 2P
is the pion momentum in the X(3872) rest frame and λ(x, y, z) = x 2 + y 2 + z 2 − 2xy − 2yz − 2xz is the Källen function.
C. X → χcJ + 2π transitions
For the three-body decays X(3872) → χ cJ + 2π 0 we evaluate the diagrams of Fig.3 . In our notation p, p 1 , p 2 and p 3 are the momenta of X, χ cJ and the two pions, respectively. We introduce the invariant variables s i (i = 1, 2, 3):
π . The decay widths are calculated according to the formula:
and M inv is corresponding invariant matrix element.
D. Hadronic and radiative X → J/ψ + h decays
To get estimates for the decay widths of X(3872) → J/ψ + h with h = π + π − π 0 , π + π 0 , π 0 γ, γ we use the results of Ref. [18] , which are based on the assumption that these decays proceed through the processes X to J/ψω and J/ψρ. In particular, it was shown that the X(3872) → J/ψ + h decay widths can be expressed in terms of G XJ ψ V couplings as [18] :
The couplings G XJ ψ V introduced in [18] are related to our set of couplings g XJ ψ V as:
In our approach, based on the representation (4) for the X, we deduced the effective couplings g XJ ψ ω and g XJ ψ ρ in terms of the unknown probabilities Z XJ ψ ω and Z XJ ψ ρ . These results we use in Eqs. (32)- (33) . Note that Eqs. (32)- (33), corresponding to the X → J/ψ + h decays, only take into account short-distance effects [18] . To be consistent one should also include long-distance effects due to the contribution of the molecular D 0 D * 0 component. Such a detailed analysis goes beyond the scope of the present work. Here we estimate both short and long-distances effects only for the X → γJ/ψ decays using our previous results on the molecular contribution obtained in Ref. [29] .
III. RESULTS
We present our numerical results in terms of the probabilities Z H1H2 and then substitute the typical values for Z H1H2 based on the estimate of Ref. [14] for a binding energy of ǫ = 0.3 MeV:
In Table 2 we present our results for the X → χ cJ + π 0 (2π 0 ) decay widths and the ratios
We also give predictions for the effective couplings g Xχ cJ π . In the second column we indicate the contribution of the D 0 D * 0 loop only. Results are given in terms of the Z H1H2 factors and values in brackets are based on the explicit numbers of Eq. (34) . The third column contains the results including both D 0 D * 0 + D − D * + loops, again based on the probability factors of Eq. (34) . In the fourth column we give the predictions based on the approximate formula (21) . We also introduce the notation
1/2 for the ratio of the probability factors. Again, values in brackets are deduced with the explicit values for Z H1H2 .
The D 0 D * 0 molecular component gives (as naively expected) the dominant contribution to the X → χ cJ + π 0 , 2π 0 rates. Also, the results based on the approximate expression (21) including the charged D ± D * ∓ component turn out to be quite close to the exact calculation. Comparing our predicted ratios of Table 2 to the results of Ref. [31] R c0 = 9.1 × 10
larger differences occur. This is especially due to the nonrelativistic treatment of the D 0 and D * 0 mesons in Ref. [31] . The large value of R c1 in Ref. [31] is sensitive to the treatment of the pole position of the nonrelativistic energy denominator and to the width of the D 0 meson. In Table 3 we present our results for the X → J/ψ + h decays as based on the set of relations of Eq. (32). The predictions are given both for the local and nonlocal cases. Again, final results are given in terms of the relevant Z H1H2 factors, using in addition the notation σ = (Z J ψ ρ /Z J ψ ω ) 1/2 , while numbers in brackets are based on Eq. (34). For the probability factors of Eq. (34) we also list our results for the ratios
related to the present experimental situation given in Eqs. (1) and (2) . One can see, that nonlocal and local cases are numerically similar to each other. To our mind only the decay width Γ(X → J/ψπ + π − π 0 ) and hence the ratio R 1 might be overestimated in the local case. Also note that the results for R 1 and R 2 in the more realistic, nonlocal case are consistent with present experimental findings displayed in Eqs. (1) and (2) . Let us remark that the results obtained in the local case are close to the nonlocal case. As one can from the numbers, the local approximation including truncation of the vector meson propagator is reasonable approximation to the nonlocal case at Λ X = 2 GeV. When Λ X is increasing the difference of two cases becomes more sizable.
Next we also want to comment on the result for the decay width Γ(X → J/ψγ). In Ref. [29] we originally gave an estimate for this decay width including the molecular D 0 D * 0 and the cc charmonium components. We showed that the contribution of the charmonium component is strongly suppressed. For a cutoff value of Λ = 2 GeV our result for Γ(X → J/ψγ) was 118.9 keV. In Ref. [29] we described the couplings of J/ψ to D 0 D 0 and D * 0 D * 0 applying a phenomenological Lagrangian used in the analysis of J/ψ [47] . We also did not include possible, additional form factors at the meson interaction vertices for reasons of simplicity and in order to have less free parameters. Inclusion of such form factors could lead to a further reduction of the predicted value for the X → J/ψγ decay width. The importance of these form factors was recognized before in connection with different aspects of charm physics, in particular, with the suppression of the J/ψ dissociation cross sections [48] . This implies that our result of Ref. [29] corresponds to an upper limit for the decay width Γ(X → γJ/ψ). Let us note that this value can be further reduced by the following four 
When varying g J ψ from 5 to 6.5 we get
where a further possible reduction of this value can be obtained by including form factors at the J/ψD 0 D 0 and J/ψD * 0 D * 0 vertices. Note, that three different results for the Γ(X → J/ψγ) are obtained using different approximation for the X(3872) wave function: i) 64.4 -118.9 keV was obtained for a mixture of molecular DD * and charmonium cc components; ii) 5.5 keV was obtained for pure J/ψV components; iii) 32.2 -65.3 keV was obtained taking a destructive interference of molecular DD * and charmonium cc components with J/ψV components. Our final comment concerns the X → ψ(2s) + γ decay width recently measured by the BABAR Collaboration [34] :
In our opinion this value can be interpreted as a signal for mixing of the D 0 D * 0 and J/ψV components in the X → J/ψγ mode. In the X → ψ(2s)γ transition only the molecular D 0 D * 0 component will contribute under the condition that a ψ(2s)V component in the X(3872) is completely absent or suppressed relative to the J/ψV configurations. In the future we plan to calculate all the decay modes X → J/ψh including X → ψ(2s)γ using the HHChPT Lagrangian [45] .
IV. SUMMARY
We have considered the X(3872) resonance with J P C = 1 ++ as a composite hadronic state made up of a dominant molecular D 0 D * 0 component and other hadronic pairs -D ± D * ∓ , J/ψω and J/ψρ. Applying the compositeness condition we constrained the couplings of X(3872) to its constituents. We calculated two-and three-body hadronic decays of the X(3872) to charmonium states χ cJ and pions using a phenomenological Lagrangian approach. Then using the estimated XJ/ψω and XJ/ψρ couplings we calculated the widths of X(3872) → J/ψ + h transitions, where
The full, structure-dependent decay pattern of the X(3872) developed here can serve to possibly identify its hadronic composition in running and planned experiments. 
